ABSTRACT
INTRODUCTION
The key enabling technology for practical use of digital on/off control techniques on hydraulic systems is the high-speed on/off valve. In addition to high switching speed, large flow area and minimal actuation power are essential requirements. Conventional on/off valves are subject to a fundamental trade off between switching speed, spool size, and actuation power. These valves typically rely on the linear motion of a spool or poppet to switch positions, thus requiring actuation power proportional to the switching frequency cubed due to the acceleration and deceleration of the spool during transition. Because of this trade off, * Address all correspondence to this author. existing valves are either high-speed/low flow or low-speed/high flow devices, or require high input power. This trend is apparent in Fig. 1 , which compares the performance of on/off valves available commercially and in the literature [1, 2] to our rotary valve. By utilizing continuous rotary motion as proposed in [3] , spool accelerations and decelerations are eliminated when switching position, thus reducing the actuation power to a square dependence on frequency which is used to overcome viscous friction.
One application of high-speed on/off valves is the software enabled virtually variable displacement pump (VVDP) [4] , shown in Figs. 2 and 3. Although the VVDP is driven by a fixed-displacement pump, the average output flow of the system is variable by pulse-width-modulating (PWM) the on/off valve. VVDPs require fast valves since control bandwidth scales with PWM frequency, output pressure ripple is reduced as frequency increases, and faster valves exhibit better efficiency than slower valves when operated at the same frequency. The focus of this paper is to experimentally validate the rotary valve concept and design equations presented in [3] using an unoptimized proof-of-concept prototype. In addition, a dynamic model of a rotary valve controlled VVDP is presented, which will also be validated using the prototype. The validated model will be used to extrapolate the VVDP efficiency for an optimized valve design, and comparisons will be made to a similar system controlled using a bleed off proportional valve (Fig. 4) . The remainder of this paper contains an overview of VVDPs and the valve concept, a discussion of the valve model, description of the experimental apparatus, comparison between simulation and experimental results, and some concluding remarks.
SYSTEM OVERVIEW AND ROTARY VALVE CONCEPT
The software enabled VVDP, shown in Figs. 2 and 3, consists of a fixed-displacement pump, on/off valve, and accumulator to smooth the output flow ripple. During operation, the on/off valve continuously switches the full pump flow Q in between load and tank at the PWM frequency. When the valve is in the on state and open to load, Q in is supplied to the load and any excess flow is absorbed by the accumulator. Once the valve switches to the off state and unloads the pump to tank, flow is supplied to the load by the accumulator. The average output flow Q out is adjusted by varying the duty ratio, which is the fraction of time per period that the valve is in the on state. A relief valve with relief pressure P relie f or a check valve in parallel with the on/off valve with cracking pressure P check is used to limit the inlet pressure P in during transition (see Figs. 2 and 3 ).
Rotary Valve Concept
Our 3-way rotary valve concept is illustrated in Fig. 5 with a photograph of the prototype parts in Fig. 6 . The design consists of a stationary valve sleeve and rotating valve spool. The valve sleeve is designed to replace part of the pump housing such that the volume between the pump outlet and spool is minimized (Fig. 6) . Cast into the sleeve are fixed rhombus shaped inlet nozzles that are tangential to the bore of the sleeve, which houses the valve spool (Fig. 5) . Our design uses rhombus inlets since the transition is faster than a circular inlet of equal flow area [3] . The center section of the spool is partitioned into two flow paths via overlapping helical lands. As the spool rotates, flow is directed alternately between load and tank, thus achieving PWM. The duty ratio is varied by moving the spool axially with respect to the inlets, which changes the amount per revolution that flow is sent to either load or tank. This axial motion is achieved using a small gerotor pump in a hydrostatic circuit, with sensing done via non-contact optical methods [3] . Our spool is designed to be 'self-spinning' with the rotation achieved solely by capturing throttling energy and angular momentum from the fluid flow through the spool. Functionally, the spool consists of three turbine sections: the center inlet turbine, where the helical lands also function as turbine blades, and two outer outlet turbines.
ROTARY VALVE MODEL AND SIMULATION
A dynamic model of the rotary valve VVDP is developed in this section. This model captures the dynamic effects of the compressible inlet (switched) volume, the accumulator dynamics, self-spinning operation of the valve spool, as well as transition and fully open throttling effects across the rhombus inlet orifices. Several approximations were used to simplify the model. The gas in the accumulator is assumed to behave adiabatically, line losses are neglected, and the relief and check valves in the circuit are modeled to open instantaneously. Leakage across the helical lands is neglected in the simulation, however, this effect will be discussed in the section regarding volumetric efficiency. Since the two flow paths through the spool are symmetric, the pressure drop across the spool, P spool , is assumed to be constant throughout the spool's rotation and the PWM frequency of the valve is assumed to be constant with respect to axial position.
The rotary valve system is modeled using two states. The states include the inlet volume pressure P in , which is governed by compressible oil volume dynamics, and the load pressure P load , which is governed by the accumulator gas dynamics. Using the definition of bulk modulus, the dynamics of the oil volume can be derived as [4] 
V in is the inlet volume, Q vol is the net flow into the inlet volume (see Figs. 2 and 3 ), and β(P in ) is the pressure dependent bulk modulus of hydraulic oil with air entrainment. The pressure dependent bulk modulus model proposed by Yu et al. [5] was used in modeling the rotary valve due to the switching nature of digital systems. The Yu model is:
(2) β oil = 1701MPa is the bulk modulus of oil with no air, r is the volumetric ratio of air entrained in the oil/air mixture, and c 1 = −9.307 × 10 −6 is a constant related to the effect of air dissolving into/out of solution. γ is the ratio of specific heats for an ideal gas. A value of r = .05 (5% air entrainment) was found to provide a good match with experimental data and γ = 1.4 (for air and nitrogen) was used throughout the simulation.
The dynamics of the accumulator gas, which is approximated as operating adiabatically, can be derived from the equation describing the adiabatic compression of an ideal gas [4] :
P load is the system load pressure (accumulator gas pressure), P 0 is the gas pre-charge pressure, V 0 is the initial gas volume, and Q acc is the net flow of oil into the accumulator, which effects the gas volume inside the accumulator. Q vol and Q acc , which are shown in Figs θ, the angular position of the spool, is calculated by solving the differential equation [3] :
J is the rotational inertia of the spool andθ is the angular acceleration. τ in and τ out are the torques contributed by the inlet and outlet turbines respectively, which are calculated using a control volume analysis of the spool. τ f is the resisting torque due to viscous friction, and is predicted using Petroff's Law. The torques in Eq. (4) are determined using the following expressions [3] :
R in is the effective radius of the tangential inlets, ρ is the density of hydraulic oil, A in is the cross sectional area of a single rhombus inlet, R out is the effective radius of the outlet turbine blades, A out is the cross sectional area of the flow path through the outlet turbine, ω is the rotational velocity of the spool, µ is the dynamic viscosity of hydraulic oil, c r is the radial clearance between the spool and sleeve, and A e f f is the effective bearing surface area which is calculated using a refined version of the approach described in [3] , which now includes an improved non-dimensional fluid analysis. Mobile DTE 25 hydraulic oil is used in the experimental setup with ρ = 876kg/m 3 and µ = 0.0387Pa · s at 40C. Q out for an orifice load is calculated using the orifice equation assuming that the pressure drop across the orifice is P load − P tank . Q relie f and Q check correspond to the flows through the relief and check valves used to limit P in (Figs. 2 and 3 ). Both of these valves are modeled to open instantaneously. These valves are used to setṖ in = 0 when the inlet pressure reaches a predetermined threshold value and the pressure is still rising (Q vol > 0, where Q vol = Q in − Q load − Q tank ). In equation form: 
EXPERIMENTAL HARDWARE
The prototype hardware used to validate the rotary valve concept is shown in Fig. 8 . The system consists of a 22.8cc fixed-displacement vane pump (C) driven by a 5.6kW AC induction motor (B). The motor is controlled with a variable-frequency drive (A) for testing at different input flow rates. The stock pump housing has been replaced with a custom unit that interfaces with the valve sleeve (D), which was cast from 1020 steel. Mounted on the sleeve are two pressure sensors (E), as well as a cartridge relief or check valve (F). P relie f , the relief pressure, was set to 8.3MPa for the system shown in Fig. 2 , while a cracking pressure of P check = 1.4MPa was used for the system in Fig. 3 . The bypass flow from this valve exits the sleeve through (G). The output of the sleeve contains two flow paths, line (J) which returns to tank, and line (K) which goes to a needle valve (L), which is used to set P load . Also on the load line is a .16l diaphragm accumulator (H) pre-charged to 2.1MPa, flow meter (M), and oil filter (N). During normal self-spinning operation, a small gerotor pump (I) is used to control the spool's axial position.
Hardware used to control the spool speed externally (P) is used to characterize the rotary valve at different PWM frequencies for a fixed flow rate, which is not possible with self-spinning. (P) consists of a modified spool with shaft extension (shown in Fig. 6 ), spacer to set the axial position, bearing block to support the spool shaft, shaft encoder, and a small vane motor to drive the spool. The PWM frequency is controlled via a needle valve (O). Note that (P) is not installed during self-spinning operation.
SIMULATION AND EXPERIMENTAL RESULTS
Experimental data was acquired while operating the rotary valve at a fixed axial position, load pressure, and input flow rate of Q in = 40l pm. All experimental results presented in this paper, with the exception of hydraulic efficiency, are for the relief valve system only. The valve was run at PWM frequencies ( f PW M ) between 15-75Hz while data was sampled at 2kHz. Tests were run with a nominal oil temperature of 30C. Table 1 contains the geometric parameters describing the prototype valve, as well as optimized parameters for operating the rotary valve at P load = 6.9MPa, Q in = 40l pm, and f PW M = 15Hz or 75Hz. κ = 4NR w πD (for 4NR w ≤ πD) is the fraction per revolution that the valve is in transition (refer to Fig. 7 ).
Pressure Profiles
Simulated and experimental pressure profiles are presented in Figs. 9-11. Figure 9 shows good correlation between the simulation and experiment at 15Hz PWM frequency for various load pressures at 50% travel. The square-wave characteristic of P in is clearly visable, indicating that the rotary valve is pulsing the flow. and P spool = .2MPa), which is consistent with the prediction of .61MPa from our simulation and CFD analysis for Q in = 40l pm. Figure 10 illustrates the variation of the pulse width with axial position, which validates the helical land concept. Note that the relationship between axial travel and duty ratio is not one-to-one because of the finite transition time of the valve. The experimental results show that the simulation is capable of capturing the pressure dynamics of P in during transition at 15Hz, although the magnitude of the larger peak is over predicted at lower load pressures. Discrepancies are most likely due to uncertainty in the bulk modulus model, particularly with respect to air entrainment. At f PW M = 75Hz (Fig. 11) , there is considerably more deviation between the simulation and experiment, especially at high P load . However, the simulation is still able to coarsly capture the increasing sluggishness of P in due to compressibility, which is a result of V in being oversized in our unoptimized prototype.
Validation of Self-spinning Concept
The self-spinning functionality of the spool was validated by controlling the spool's axial position hydrostatically. With this actuation method, the valve spool is completely isolated from the sleeve and is spun solely with fluid forces. Two spool designs, one with outlet turbines (labeled T in Fig. 6 ), and one without (NT), were tested along with several clearances. The frequency achieved with self-spinning was then compared to the values from the angular momentum analysis. In steady state, θ = 0, and the spool frequency for the two spool designs are [3] :
is the effective cross sectional flow area of the combined inlet and outlet turbines. For variable definitions in Eqs. (10) and (11), please refer to Eqs. (5)-(7). Figure 12 confirms that ω is proportional to Q 2 in and presents a comparison between experimental data and the angular momentum analysis using a correction factor of λ = 2 on the shear ratio α used to calculate A e f f [3] . For the NT spool, neglecting the torque contribution from the outlet turbines while retaining friction in the calculation provided an excellent match with experimental data (NT CALC in Fig. 12 ). The data reveals that the inlet turbine contributes a majority of the torque used to spin the spool. The NT spool experiences an average decrease in PWM frequency of 23% when compared to a T spool of similar clearance. Decreasing the clearance has a similar effect. Between the loose clearance and tight clearance T spools, the tight clearance spool experienced an average decrease in PWM frequency of 15%. The experimental data also shows a strong dependence of ω on oil temperature and viscosity, with f PW M increasing on average by 6% after a few minutes of testing. This effect can be captured by incorporating a temperature dependent viscosity into the model. Additional experimental data shows that the PWM frequency is independent of axial position, with less than 15% variation in PWM frequency between normalized output flows of .4 to .7. Figure 13 presents the output flow calibration with respect to axial position at 15Hz PWM. Both the experimental and simulation results are linear and possess the same slope. This is expected due to the helical structure of the spool. Note that increasing P load decreases Q out for a given axial position, although the slope remains unchanged. The simulation primarily attributes this effect to the relief valve. As P load becomes closer to P relie f , the relief valve is open for a greater part of each cycle since P in reaches P relie f earlier in the transition. At P load = 2.8MPa, the simulation predicts that the relief valve is open for roughly 1.5ms, while this time increases to 9ms when P load = 6.9MPa. 
Flow Modulation

Hydraulic Efficiency
The hydraulic efficiency of the rotary valve was calculated by comparing the input power to the valve (output power of the pump), to the output power of the system. This was done by numerically integrating the product of pressure and flow, and then dividing by the total time:
(12) n = T avg /dt is the number of time steps over which the summation is performed and dt = .5ms for the experiment and dt = .04ms for the simulation. Experimental data was averaged over 10 seconds while simulation data was averaged over 1 second. Pump efficiencies are not included in this calculation. Figures 14 and 15 compare the experimental and simulated efficiencies of the rotary valve in the relief and check systems at f PW M = 15Hz with the characteristic efficiency of a similar system controlled using a bleed off proportional valve (Fig. 4) . At 15Hz, the relief circuit exhibits up to 20% improvement in efficiency over the proportional valve system for high load pressures and displacements less than 65% (Fig. 14) . At high displacements, the rotary valve experiences lower efficiencies due to the high pressure drops across the spool and sleeve in our current prototype, which must be reduced if high efficiency at high displacment is desired. By switching to the check valve configuration shown in Fig. 3 , a 5%-10% increase in system efficiency across a full range of displacements and load pressures can be achieved (Fig. 15 ). This increase in efficiency is accomplished by limiting transition throttling to P check +P load , and also by porting the pressurized bypass flow to load rather than tank. This configuration demonstrates up to 25% improvement in efficiency over the proportional valve system for displacements under 70%.
Using the optimized valve geometry in Table 1 along with softswitching, a novel transition loss reducing technique [6] , and by porting decompressing tank flow to the pump inlet, our validated simulation predicts a 15%-25% improvement in efficiency over the baseline check system. This optimized system achieves better efficiency than the proportional valve system for displacements under 90% and exhibits 85% efficiency at 50% displacement. Upon increasing f PW M from 15Hz to 75Hz (Fig. 16) , the efficiency benefit of the rotary valve VVDP becomes negated due to fluid compressibility in our current unoptimized prototype. This is primarily due to the oversized inlet volume. A consequence of compressibility is that P in no longer transitions as sharply between high and low pressure, which increases throttling losses. The effect of compressibility is even greater at high load pressures. If P load is too high, the dynamics of P in will be too sluggish to fully reach the low pressure off state, increasing losses tremendously. Because of the dominance of compressibility at 75Hz, the current prototype only manages to match the efficiency of the proportional valve system at low displacements. Upon decreasing V in from 25cc to 7.6cc, which was optimized using CFD, and applying the check circuit, optimized geometry, and other loss reducing techniques, the efficiency of the rotary valve at 75Hz can be improved by 30% across a full range of displacements. The optimized simulation predicts an efficiency of 73% at 50% displacement.
Volumetric Efficiency
The volumetric efficiency of the rotary valve was estimated assuming laminar leakage flow across the helical lands [7] :
L p is the perimeter of the leakage path parallel to the land edges, R w sin φ is the thickness of the land normal to the edge (see Fig. 7 ), and ∆P is the pressure differential across the land. The results indicate that the experimental leakage flow is within a factor of 3 of the prediction for oil temperatures up to 35C, and is heavily dependent on the oil temperature. A temperature dependent viscosity could be added to Eq. (13) to improve accuracy. For a system flow rate of Q in = 40l pm, Q leak was roughly .5% and less than 1.5% for the tight and loose clearance spools respectively for P load = 6.9MPa. At these operating conditions, the volumetric efficiency of the rotary valve is greater than 98.5%. 
CONCLUSIONS
Experimental data has been presented that validates the operation and performance of a novel high-speed rotary on/off valve. A dynamic model of the rotary valve VVDP has also been validated which shows that a properly designed VVDP can surpass the theoretical efficiency of a bleed off valve system over a large range of displacements. Our current prototype, sized for 40l pm of flow and full open pressure drop of .62MPa, exhibits a linear relationship between the spool's axial position and system output flow which verifies the helical land concept as well as the operation of the VVDP. The prototype spool has reached selfspinning PWM frequencies over 90Hz while being spun solely via fluid forces and requiring no external power. Experimental data confirms that the PWM frequency achieved with selfspinning is proportional to Q 2 in and the data matches well with the self-spinning analysis from [3] . Only a small correction factor of 2 on the effective bearing area is needed to achieve a near perfect match. In addition, the experimental results show that a two state model of the rotary valve VVDP is capable of capturing all of the dominant system dynamics at low speeds. The model shows good agreement with experimental data at f PW M = 15Hz, although uncertainty in the model becomes apparent at 75Hz. Our current prototype, which is unoptimized, has demonstrated an improvement in efficiency of up to 25% over a bleed off proportional valve controlled system at 15Hz. Using the validated model, an optimized valve with soft-switching [6] exhibits a peak simulated efficiency of over 90% as well as 85% efficiency at 50% displacement. At 75Hz, compressibility effects dominate the current prototype and negate any efficiency advantages over the proportional valve system. However, the model predicts that an optimized valve with a reduced inlet volume of 7.6cc can achieve 73% efficiency at 50% displacement.
